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fti4} Phased array antenna 

(57J A pho sed dr r ay antenna has an a rray of antenna elements 26a to 26n, and a corresponding pJuraJ ity of 
tra/isrccaiver elements 72a I© l^n, each coupJed to a respective antenna element. Each transreceiver element 12j 
includes a phase shifter 40 and four switching do views lfib r 18c and l&dwhfchsieer electromagnetic energy From a 
common feed 14, through the phase shifter 40tothe-corrosponc;iny antenna 8Jwmcnl2£i during a transmit mode, and 
from th» antenna element 28% to the common Feed M during o nsociw mod©. 
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SPECIFICATION 

Phased array antenna 

5 TNs invention relates to a nte n na sysl r n is and more 
particularly to phased array antenna systems. 

As is knwon in the art an array antenna includes a 
plurality of individually radiating elements. In seme 
systems the ind ividual radiati ng elern ants are cou pJecJ 

10 to a transmitter through a transmitter element for 
controlling the phase and empJ ilude of the transmit- 
ted signal. Similarly, the individual radiating dements 
a re coupled to a reran/or through a receiver dement, 
for controlling the phase and amplitude of the 

1 5 recKived signal. ) n other systems the f nd rvidua I 

radiating elements are coupfed to both the transmitter 
and receiver through a single »?l«rr\eni hore referred to 
as a transceiver for control! ir jg the phase and ampli- 
tude of both transmitted and received signaJs. The 

20 relative p tiase and am pfiLude of the microwave 
frequency signs I passing between the plurality of 
radiating elements and a corresponding plurality of 
indivcduaJ transceiver elements a re control Jed to 
obtain a desired radiation pattern. The pattern 

25 obtained is a result of the combined action of all the 
individual transceiver and radiating elements. Many 
devices such as ferrite phase shifters are used to 
comroJ the phase of the microwave frequency signs I . 
Marry of such phase shifters are reciprocal, that is, the 

30, phase shift erf a signal passing through one of such 
devices Is independent of rhn direction which the 
signal passes through, tn Home applications it is 
desirable to provide an active phase shifter to provide 
gain lo a signal passing there through. Such a phase 

3b sh ifler is generally inherently non reciprocal. Thus, the 
use of an n on reciprocal phase shifter in a transceiver 
would require the use of two of such phase shifters. A 
developing trend in phased array antenna systems Is 
to wa rd production of the tra nscs i ver elements in 

40 monolith fc integrated circuit form . Th is la desi red in 
order to reduce cost and size factors generally 
associated with phased array antenna systems and to 
provide phased array enten naa adapted for curtain 
applications where size and cost art* critical such as 

45 ai rborne orspace based radar systems. 

in accordance wilh the present Invention, a trans* 
cerver for coupling a microwave signa I between an 
antenna element and a radar system, is provided. 
Sui:h a transceiver includes a plurality of switching 

SO means arranged to steer a microwave frequency 
signal provided by the radar system through an 
nonr ecf proea J phase shifter to the phased array 
antenna during a transmit mode, and to steer a 
microwave frequency signal provided from the 

55 phased a rray ante* ma throug h the nonrectprocal 
phase si lifter to the radar system du ring a receive 
mode. The m icrowave treq u ency srgnai passes 
ihrouyh the phase shrfter in the same direction during 
both the transmit and receive mode. A set of control 

60 signals fs fed to such switching means to control the 
steering of the microwave frequency signal between 
the rada r system and the phased array antenna. With 
such arrangement, two signal paths through an active 
nonrecipnjuai phus* shifter a re provided. This 

U 5 a rr?ngeri tent reduces the cost and size of th e trans- 



ceiver element by permitting the use of * gingie active 
nonrcci proca I phase sh ffter. Fu rrh«r, sifuzo each of the 
elements of the transceiver element may be realized 
as monoflthrc microwave in teg rated circuits this 
70 struct u re resu Us- i n «■ cao rnpact transceiver eJ ement. 
rncdufar in form and less expensive to produce. 

Th e i n ventfon will now he described by way of 
exam pie with reference to the accompanying draw- 
irigs, in which: 
75 FIG. 1 is an ova rail block diagram of a radar system 
coupled to a phasec array antenna system I h rough a 
plurality of tra receiver elements; 

nG. 2 is a block diagram of one or the plurality ot 
transcei ver elements shown in fig. T; 
80 PEG . 3 is a block d iagram o f the tra nsceiver element, 
utilizing a iTve port switch: 

FFG. d is a block diagram of a transceiver using a dual . 
chart neJ phase shrfter: 
RG.^is a block diagram of a4-bit non reciprocal 
8b phase shifter 

RG. E isa diagrammatical viewofa 180° phase shift 
Increment stage of a 4-bjtnCnrecaprocal phase snifter 
used j n the one of the transceiver elements; 

FIG. GA is an isom atric yj ew of a bias Line and output 
90 line insu lated from each other with an airga p plated 
overlay; 

FIG. BB La a cross sectional view of a paraJ tel plate 
capacitorformed on the substrata; 

FIG. 7 is a block diagram of the phase shftter stage 
95 depicted in Fig. 5: 

FIG. Sis a detailed schematic diagram of the phase 
shifter stage depicted in Fig. 5; 

FIGS. 9A-3D are plan views of pairs of tra nsmisston 
fines providing electrical pathlenuth differences used 
100 to realize a a-bit ph ase shifter ; 

FICi. lOis a block. diagram of a 4 bit dual channel 
phase shifter; 

FIG. 1 1 is a detailed schematic of one stage of a 
reraprucwl phase shifter; 
105 FIG. 1 2 is a diagrammatical view ofthe stage of a 
dual channel phase shifter depicted in Fig. 11 ; 

FIG. 13 is a derailed schematic of an alternate 
embodiment of a four tut nonreriprocal phase shifter; 

FIG. 14 Is a block diagram of the nonreciprocal 
1 7 0 phase sh ifter of Rg . 1 3, in d ud ing reciprocating 
switches; 

nG. 15 is a detailed schema lie diagram of a variable 
phase sh rfter utilizing a QU adratu re coupler 

FIG. 1 fi is a plan view of the va/iable phase shrfter 
115 shown in Kg. 15; 

FfG. 1 7 is a block diagram of one stage of the n-bil 
va rtable phase shifter shown in Fig . 1 6; 

FIG, 18 is a diagrammatical view of a bidirectional 
three port switch : 
120 FIG. t9is a schematic diagram of the bidlreclionar 
switch show i Fig. 18; 

FIG. 20 is a schematic diagram of a preferred field 
effect transistor PET used In the bid! recti onal switch 
of Fig. 1ft- 

125 Referring now to FIG. 1, a phased array an lenna 10 is 
coupled to a radar system 11 by a feed network 14. as 
ohown. The p hascd a rray a ntenna 1 0 i ncli ides a 
plurality of. here n. identical iraosmitt«*r/r«i:Eivcr 
(transceiver) elements 12a- l2n, coupled to a like 

130 plurality of corresponding antenna elemenls 26a-26n, 



as shown. The feed netwo r k 14, h Ere a para'JcJ feed 
network, pro vides a signal path for a microwavu siq nar 
passing from the radar system 1 1 to the phased array 
antenna 1 0 fortransmtssjon to h target (not shown). 
5 and a sfgnai path for reception of pt-^ic signaf s 1 rem 
the la rgci (no! shown) to the rada r system 11, A 
plurality of enntm I buses 29a -29n, 2§a-59n a re pro- 
vided from thejadar system 1 1 . Signals an such buses 
29a-29ru 29a 29n o re used to control the tran stiver 
10 elements 12a-12nofrhe phase array antenna 10. The 
microwave signal from LhR feed network 14 (s cnunJerl 
to each of the transceiver clement? 12a-12n.as 
in dicazed by the open a rrews 1 3. The po rdoo ot 
microwave signal coupled to each one oFthe fcrans- 
T 5 cefver elements 1 2a-T2n is thon coo pied to the 

corresponding one of the antenna elements ?6a-26n. 
Sfm/Iajly, a portion of them fcro wave echo signal from 
Ihe target is coupled to each of the antenna elements 
26a~2Gn, me corresponding transceiver elements 
20 1 2a- 12n r and thefead network 14 a^incScated by solid 
arrows 15, for protesting by the radar system 1 1.Tim 
contj o I signals on buses 29a-29n, 29a-29n during me 
transmit mode allow the transceiver elements 26a-26n 
to produce colfimated an d dfrectcd beams of hansmit- 
25 ted microwave energy and control signa Is on such 
buses during the receive mode allow such transceiver 
elements 2Ga-26nlo produce CDllFmatcd and directed 
beams of received microwave energy* 
Refcning now to FIG. 2, a representative one of Ihe 
3D trariscefver elements 12a-12n, here transceiver do- 
men? 1 2i is shown coupled, via a transmission line 33i, 
to 3 po ri ion of the feed network t4and roan antenna 
eremenr26i. via a transmission line 351. as shown. 
Transceiver element IS here includes 50 ohm trans- 
35 mission Jinec 32a to 32h, four transmitter/receiver 
tT/R) b wf tch es TSa-1 8d, each havfn g a com mon port 
20a-20d, a pair of branch ports 1 flo-1 9d ami 2 1 a-21 d, 
and a control input 2?a~22d. Each one of the cuntrol_ 
inputs 22D-22d ix fe<i by a pair of control fines 29I V 29i a 
40 of buses 291, 29r.TrieT/R switches TSa-lfid arc here of 
a type to bo -further explained in conjunct/on with Fl 9s. 
1 8-1 9. Surface itto say here, however, that com- 
plementary binary or logical signals- am fed to the 
centre/ lines 2Si 1# Si 1r respectively, and si«:h logical 
45 signafs are used to control the cJcctricai coupling 

between the common port and the branch ports. Thus, 
for example, using a n exempJary one of the T/R 
switches 1 8a-1 8d, hem T/n switch 1 8a, such switch 
1 8a has co m mo n port 20a co u pied lo bra rich port 1 9a 
50 in response to a first pairof log f cal states of control 
signals fed to fines29i-, , 29i, I.e. a logical 1 on Iinv29i 7 
and a logical 0 on line 29ft and such common port 20a 
Is coupled to branch port 21a in response to the 
complementary pair of logical stales of the control 
55 signals fed to line 29i , ,_29>?, 1-h. a log real 0 on line 2Si 1 
and a log real 1 on lino 29i-,. The common port 20a of 
T/R swftch 1 8a ts cou pi ed to th a read network 1 4, via 
the transmissfon line 33T, as shown. Bronuh ports 1 3a 
and 21a ofT/R switch 18a arecouptedto branch ports 
60 19dand 21b, via Ira/ism ission lines 32a and 32h, 
rcsccdivefy. Branch port 1 9b ofT/R switch 18b is 
coupled to an Input of a transmitter amplifier 24, via 
the transmission line 32d. The t ransmftter amplifier 24 
is here ■formed on a scmMnsu latino, si ibslra ce, here 
65 gallium arsenside (Co As) substrate. "Hie output of 
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transmftter amplifier 24 is coup led to the branch port 
19c ofT/R switch Tifc r via transmission J ina 32e. The 
comma n po rt 20c lofTm* switch 7*3c is co upled to the 
antenna element 26i, via transmission Iinc35i. The 
/0 branch port 21 cof p7R switch 18c is coupled to an input 
of Ihe receiver amplifier 28, via transmission I Ene 32f. 
The recRrveTamplhJcr2fl. hens h low nnrse ampFrfier, Is 
here formed on a sem Mnsulatiny $ubslraie {here 
GaAsl. The output of the receiver amplifier 28 is 
75 coupled to the b ranch port 21d ofTVR switch 1 fid, via 
tra nsmis sion line ft?g . The ca rn mon po rt 20d of T/R 
switch 1 8d is cou n I ed bn 1 he 3 n put of a n active ph a&e 
shifter 40, here a nohreciprocal active phase shifter 
having a plurality of stag as (not shown, lo be 
80 described in dctailjin connection with figs. 5, Band 7 J, 
via transmission line32Jb. Suffice it to say here, 
however, that eacti stage Dftheactivv phase shifter 
includes a field elfect transistor suits bfy biased lo 
provide gain tn 1 Fir' radio frequ ency sfgnal passing 
85 through it. Control sign als for the active phase shifter 
40 are fed thereto, via buses 29i* 29i 4 of bu s 29i. The 
output of the active phase shifter 40 is coupJedto the 
common port 23b crt T/R switch 18b r via transmission 
fine 32c I 
90 Duri ng a tran smH mode, the transceiver element 1 21 
couples a microwave frequency signal from the radar 
system 1 1 to the anjten na element 26i. A transmit 
signal path for coupling a signal from the radar system 
1 1,viafeednctworlr14,tothe antenna element 26! is 
9b depicted in FIG. 2 by an open arrow 1 3, as shown. In 
the transmit modc,|tha control signal son lines 29^, 
29i! are used to couple each one of the common ports 
20a-20d to the correspnn: i\ ng b ranch pons 19a- 1 9d of 
Ihe respective T/fl switches 18e-l8d. Thusa portion of 
the m fcrowBve skj rial Is cou plod from the radar 
system 11 to the input of the active phase shifter 40. 
The active phase sh ifter 40 is hero used to vary the 
phase shift of the applied microwave frequency signal 
by a p redetermined amount in accordance with 
1 05 control signs I s on buses 29 i 3 -i29f 7 which are fed to a 
control input 42, of the active phase shifter40. the 
mi vtv wave frequency phase shifted signal is than 
coupied to the in put: of thetransmitteramp[ifier24 
The sign ai at the output of the transmitter amplifier 24 
is coupled to the ant'enna element 261. 

fiuring a receive mode, a purlin n of a received echo 
signal is cou pted from the antenna element 2Ci to the 
re d»r. system 11. A receive signal path for coupling the 
received Hcho signa) from the antenna clement 261 to 
1 1 5 the radar system 11 is depicted in FIG. 2 by solid 
arrows 1 5, as shown . Du rin g the receive mode the 
complementary logjcoi states of the control signals 
previously on fines 29^-291, are nowfed to lines 29i v 
29i Tt and such signals arc used to cou pie each one of 
the common ports 20a-20d to the branch ports 
21s 21 d or the respective 1IR switches 18a-18d, Thus 
tho echo signal is m upled from the antenna clement 
2€i to the receiver a mpli Fipr 28. 'I he si g nal atthe 
output of the receive 1 r amplifier 78 is cou pled to the 
input of the active phase shifter element 40* The signal 
passing through the phase shifter is again phase 
shifted in accordance with the control signals fed on 
the buses 23i£-29i* The phase shifted signai produced 
at tho n utput of the active ph ase shifts r element 40 is 
130 then coupled In the radar system 1 1 , via the feed 
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network 14.Thusltis noted that the microwave 
frequency signal is coupled through the active phase 
shifter 40 in the same directio n for both I be I ransm it 
mode and the received mrjde. Thus referring -again to 
5 rlG.1 in a similar manner, eenhoF the pi urafity of 
transceiver elements 1 2a-12nar*> usedtocoupte a 
portion of a miemwava signal between the radar 
system n . via the food network 1 4 a nd the p I ural i ry of 
antenna elements 26a-26n, to produce in combination 
10 a col lima ted and directed beam (not shown) during 
the transmit mode and the receive mode. 

Referring now to FIG, 3 an alter n a(Fve the embodi- 
ment of a t rartsceiver eJemen K 1 2i ' suitable for use in 
the phased array a nierirui 10 uf FIG. 1 is shown 
15 coupled to a portion ofthefeco" network 14 and the 
antenna element 26L Tra nsceiver element 1 Tlx ' here 
i ncl u ries a five port switch 31 0. the active phase sh if tar 
40, the transmitter amplifier 24, the receiver amplifier 
28, and the three port T/R switch 18c, asshown_Tho 
20 five po rt switch 31 0 isformed on a substrata, {not 
shewn] here semi-insulating gallium arsenide JGaAs) 
having a ground plane {not Shown) here plarsdgoJd 
formed on the bottom surface of the substrate. 
Formed in active regions on portions of the top surface 
25 Of Ihesemi-insufating substrate are FETs 50e-5orf 
hero GaAs^ETSxeach having gateerectrndes 52a «52d 
(Fig. 31 a drain electrode 54a-64d and a source 
electrode 56a-56d- The gate electrodes 52a, 52d of 
FETs 50a, 60 d, are connected to controJ line 29\\. and 
30 the gate etectrodas 52b, 52c of FET's 50b, 50c are 

connected to control tine 29i v as shown. The FET's ere 
here connected in a common {grounded) sou Re- 
configuration. The T/R switch 310 further includes 
transmission lines 60a-fiPf. Each transmission lit ie 
35 60a-60f has an electrical length, corresponding to one 
qua rtor wavelength IKJlL where K is me wavelength 
of thenorresponditig nominal or operating center- 
band fre*i uency ff c ) of the ci rcu it. The feed network 14 
is electrically conncctedTo a first end 60ai of 
40 transmission line 60a and a first end GOf* of \J4 
transmission line ©Of, via transm ission line 33i.The 
drain electrode 54c of PET 50c is electrically connected 
to a second end 60a* of KJA transmission Sine 60a. A 
first end 60b 1 of KJA transmission li c60b is electrically 
45 connected to th a second end 60a2 of transmission line 
60o and drain electrode 54c. A second end 60*)? of \J4 
transmission line 60b is electrics fry connected to the 
input port of the active phase shifter 40, via transmis- 
sion line 32b and to a first end fiOd, of A^4transmis- 
50 ston line 60d. The second end SOd^ of transmission 
line 30d Is fiiectr icaf ry connected to the output of the 
receiver amplifier 28 and to the drain electrode 54d of 
FET Sflrf. A seco nd end 6Qf- A of A^/4 transm ission \ i ne 
60f is electricaJ ly con n ected to a f i rst end 60ei of 
55 transmission lineGDe, and drain electrode 54a of FET 
50a. A second end GOe? of A*/4 transmission line 60c is 
coupled to the output or the active phase shifter 40, via 
transmission fine 32c and to a first end 60c T of \J4 
transmission line 60c. A second uud 6OC2 of XJ4 
B0 transmission Jl nc 60c is co u pied to the in put of the 
transmitter ernp'i Tier 24 and to the drain electrode 54b 
of RET 50b. The connections of transmitter am pttfier 
24 and receiver amplifier 28 to T/R switch 18d are the 
sam e, as explained above in co n junction with FIG ■ 2. 
65 During the transmit mode, as shown by 1 he open 



a rro ws 13a log ica I co n trc i signa I un li no 29 1 , of bus 29i 
is fed to the gate eJectrodeso2a. 52dof FETs 50a, 50d 
and the complement of such Jog ica I control signa f is 
fed <vf a li ne 2ft", of bus 29iJ to gates 52b, 52c of FETs 

70 50b, 60c. In res po nse to such sig na!s FETs 50a , 50d are 
placed in a con ducting state and FET's 50b, 50c a*e 
pJaced in a nonconducting state. The A«/4 transmis- 
sion lines 60d, 60e and GOf have ends 60d 7r 60a t and 
SOf* electrically connected to FFT's 60 a and 50b. as 

75 previously described. When FETs b0a,50d are placed 
in a conducting state, a short circuit (low impedance 
path to ground desk} naiHd by(g) ) is produced at the 
ends 604?, &n* T and 60 'a of transm ission lines 00d-60f 
cpupfed to the FET's 50a, 50d. One quarter wave length 

30 therefrom (at t h c second end 60d u ti0e 7 , and 6fl h of 
each iransm ission Jine€0d-60f)the short circuits at 
ends 60d 2 , 60e^€0f 2 appearasepn circuits (high 
impedance paths to ground designated by <o> ) at ends 
60ri 1f 60e?r BOffi, to a microwave frequency signal 

85 hav trig a wavelength substantia I Cy equ al to the 

wavelength of the corresponding nominal oreenler- 
ba nd frequency of operation, forthe transceiver. Thus* 
no signal path is provided during the transmit mode 
through line 60t and the transmitted energy passes 

90 th rou g h lines 60a a nd GOb. Further because end eod, 
appears as .an open circuit (gr , the transmitted energy 
passes from tine 60b through line 32b. through the 
phase shifter 40 and through line 32c. Since end 60e 2 
appears as an open circuit @ the transmitted, and 

SG now phase shifted energy passes through linefiCc, 
transm itter a mpi iff er 24> T/R switch 1 8c and to the 
antenna 261, as previously deecrfbed in conjunch'nn 
with FIG- 2. 

Duri ng the receive mode as shown by the dosed 

100 a rrows 1 b", the ranntro I signa I on fines 29ii , 2BU are 
switched (or complemented} in iogicstate placing 
FET's 50a and 50d in a nonconducting state, and 
placing FET's 50b and 50c ina conducting state. The 
ends 60a2, 60bi » and 6Dq? ol the \JA transmission lines 

1 05 60a. 60b an d 60c wh ich ere cnu pled to the drain 

electrodes 54b and 54c of FET's 50b and SOdare thus 
coupled to ground a e the other ends 60a t. 6Gbz,and 
GOui of the transmission lines 60a. 60b, and 60c 
present impedances corresponding to open circuits. 

110 Thus, a received m icrowave signa I from antenna 
eicment 26? is coupled to the output of the receiver 
amplifier 28 as explained in conjunction with FKL 2. 
The T^ceived signaJ is then cou p* ed th rough trar«f r»'s- 
s'on line GOd to the active phase shifter eiement4Q. 

115 Tbe sTg nal on the output of the active phasa shifter 40 
is thus coupled to the radar system 1 0 throug h 
transmission lines SOeand 60f. 

Referring now to F3 g. 4, an alternative embodiment 
of a transceiver, here transceiver 12]" suitable for use 

1 20 in the phased array antenna 1 0 of FIG. 1 is 3h own 
coupled to a portion of the feed network 14, via 
transmission !ir»> 33i and to the antenna element 26J, 
via transmission line 35i, as shown. Transceiver 
element 1 2i" includes T/R switches 1 8a and 18c, 

1 2I> transmitter a m pi if ier 24, recerver am pJIfiar 2a Here, 
however, a dual channel active phase shifter 44 7s 
provided. Dua I cha n nel active phase shifter 44 has a 
plurality of cascade i nterconnected phase shift stag es 
here 44a-44d of a type to be further described in detail 

1 30 in conj u nction with Rg 5. 10-12. The T/R switch 18a has 
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common port 20a coupled to the feed network 14 via 
transm ission Jin e 331. Bran ch po rts 1 9a and 2 1 a of T/R 
switch 18a are coupler! to the m put 47a of a first 
channel 47 and the output 49b o F a second chann cl 49 
& »r tk »s i cn snneJ phase *hi ft er 44, r es p ecr i ve ly, as 
Indicated. The output 47b of the first channel 47 is 
coupled ro the i n put of the t ra nsmitter am plifier 24, via 
h-ansmissuin fiji«32b. The output of the receiver 
amplifier 28 is coupled lo the input 43a of the second 
10 channel 49. via transmission fine 35re-T>ie connection 
of the transceiver! 2 i" to ante ana element2Gi I'flG, 1) 
is as previously explained. 

During the tra nsmit mode, as shown by the opiui 
Arrows 13, in response to complementary control 
1 5 s rgnals o n 1j nes 29i ^ 2y 1 1 a m icr owa ve sig nal sec to 
common port2Qa from the radar system IT is coupled 
lo branch port 19a. Such signal From branch port 19a is 
coupled to the input 47a of t Sic dual channel phase 
shifter 44. The sfg nal is shifted In phase and ixmplerHo 
20 the tr ai ism i i i er amplifier 24 and to the antenna 2fi r as 
previously described* During a receive mode, as 
shown by the closed a mows 1 5, in response to the 
complements oF the previous control signals on lines 
29ij, 291 the micro wave signal fed to the common port 
25 20c from antenna 26i Is coupled in the branch port 21c 
and thus to the recerror amplifier 28. TIih signal at the 
output of the receiver amplifier 28 is fed to the input 
49a Of the phase shifter44. The stg rial shifted In phase 
Ts then fed to the T/R switch 1 8a to tnc rado r system 1 1 , 
30 as previously described. 

RefQ/Tino now to FIG - 5, a Single channel digitally 
controlled phase shifter 40 suitable Fot cjse in trans- 
ceiver element 12T [Fig. 2) and transi:Hiv«re£ernent l2i r 
(Fig. 3) Is shown to Include a plurality of cascade 
3b interconnected stages 40e-40dwfth like parts of aach 
stag g bain g design ated hy the sa me n umenal. An 
exarnptary one of Such stages 40a~40d, here stage 40e, 
is discussed in detail in conjunction with FfGs. 6-fi. 
Referring now to FfG. 6, the phase shifter stage 40a is 
40 formed on a substrate 41 here GaAs having, a ground 
plane 43, as shown. Referring also to FIGS. 7, Bthc 
phase shifter stage 4<Ja includes a microwave trans • 
mission line 51 2, here having an impedance of 50 
- ohms, cou pf ed to an input impedance matching circuit 
45 51 3. Transmission line 51 2 is here ted by a microwave 
frequency signaJ from transmission line 32b {Fig. 2). 
Input Impedance matching circuit 51 3 is here used to 
match the input impedance of the phase shifter stage 
40a tcj tliH charaoterrit: ienpedanceof the transmission 
50 tine 51 2. The input matching circuit 513, here Includes 
afTrsttransmission line section 574, having a react- 
ance which rs primarily induitlvccouplori in shunt to 
the inputtransmissionlirte section 512, via a bottom 
pf ate 528c of a capacitor 526. Bottom plate 526c of 
55 capac?rtir526iscoupledtooneendoftheshunt 
mounted transmission Una section b" 14. The upper 
plate 518a of a seco nd series co nnected ca pacirer 51 H 
Is coupled to line 516andthH buttom j>laie of 51 6 is 
coupled to ground by a via hole518b,as shown. 
60 Grou nd pad 522 is cou plod to g round by a via hot a 
connecti cn 522a. As shown in Fig. 68. capacitor 526 is 
■formed on the lop surface of the substrate 41 hare 
includes a top plate 526a which is coupled via an air 
bridge 526d to the strip conductor portion of a 
6R transmission line b'28- Aligned under this top plate is a 



hoi torn plate 526c of evaporated, gold formed an the 
substrate 41. The top ptste 526a and bottom plated 
526c are separated by a M300 Angstrom (A) layer 526b 
of silicon nitride (Si a N^J- The bottom plate 526c has a 
70 finger 526c (Fig. 6) which is used to con n act the 

second ci rcu ft dement, here transmission lincjsBClimi 
5i4 r to the capacitor 526. The connection is provided 
by a mdaJto metal contact which couples to the 
bottom ptate52fic_A seen ml transmission line section 
75 516. here having a reactance which is primnriry 

inductive is coupled in shunt between capacitors 5?8 
and 525. The connection of capacitor 518 to inductor 
secrio n 51 6 provides the bias feed 520 for the yatc 
Rlectrorie- The input matching circuit 513turther 
80 includes the third transm ission line section 528 here 
also having a reactance which is primarily Inductive, 
connected between the junction of capacitor 526 with 
shunt mounted transmission line section 51 6 a nd n 
common i np ut junctio n S3Z The phase shifter stage 
Rh 40a further i ncludes a FETswftch 530 having a dual 
gate FET,530a-530b, as shown. FCT's530a and 530b 
inc! ude first g ate electrodes b32a-532 b coupled to the 
common junction 532, second gate electrodes 534a, 
534b, separate drain elcclr odes 536a, 536b and 
90 sepe rate source clectrodcs538a, 538fa. FETs 530a, 
530b are here connected in a common (grounded) 
source configuration. FET 530a, 530b arc fabricated 
such that the gains and phases provided by each FET 
to signals fed to the gate electrode and coupled to the 
95 drain aJ act rode are substantially equal. In other 
words, i S21 tar the fraction of power cou pted to the 
drain e led rode 536a of 530a from a s>g nal on gate 
el ectrode 532a substantially equals, |5ai ! b» the fraction 
of power available atthe drain eJ ectrode 536b of FET 
100 530bfr[jiniininc:Fifenl input signal provided signal 
gate electrode 532b of FET 530b. Similarly, i|rSz Tta =■ i|i 
S 2 iib that is. the phases of the instantaneous power 
delivered to each drain electrode oF FET 530a, 530 bare 
substantially equal. Control gate electrodes 534a, 
1 05 534b are fed con troJ sig na Is on lines 29I2&, 29fe, {Fig. 21 
These control signals are used to control the coupling 
of an in put signal fed to tin? gale el ectrode 532a, 532b 
to the corresponding drains 536a, 536b of nTTs 530a, 
530b. High frequency components In tho signals on 
110 control tfnes 29??- 25*7* are shorted to ground, via 

capacitor* 527a, 527b, The dram electrodes 536a, 536b 
are electrical ry connected tu identical impedance 
matching circuits 545a~54S^ as shown. The matching 
circuits 545a (Fig, 8), hero Inciudcs a first transmission 
115 Tine section 548a coupled in series between the drain 
electrode 536a and coupling capacitor 552a. A second 
transmission line section 549a is coupled in shunt with 
the junction of the first transmrssicin line section 548a, 
the bottom plate of capacitor 552a, and an upper plate 
120 of a dc blocking capacitor 544. The bottom pJate of the 
dc blocking capacitor 544 Is connected to ground by a 
via hole con nectio n 544a (Rg . 6}. The impedance 
matching circuit 545 bis formed in a similar manner on 
Ihesuhstrate4l (Rg.S)furthe drain electrode 536b. 
125 The impedance matching circuit 545b rndudese 
transmission line section b48b, a coupling capacitor 
552b, and a second transmission line section 54Sb, 
coupled to the d rain electrode 536b In a similar 
manner asthc corresponding elements of impedance 
130 matching circuit 545a. The common connection of 
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trans mission line sections 549a -549b and the dc 
blccfcing capacitor S44 provides the bias feed M6 for 
drain eiectrod«s S36a r 536b. As sJi own in fig, 6A, the 
bi as feed \>\2 here is insuiatcdf rem the transmission 
5 line sect? on 548b by a conventional air gap plated 
overlay, In general such overlays are here used in alt 
embodiments to insulate such cmssmng signal patiis. 
Trie upper plates of coupling capacitors 552a-552b of 
the impedance match in gcir&uus545a, 545b respec- 
1 0 Lively, arc integ ra My fo rined will i ihc strip conducts r 
portion of transmission lines bi>4a and 553. respective- 
ly. Transmission fine 554a has an electrical length 
which prnvidr.8 a phase shift £i 1- Atf»to an input 
sitjnaJ couprcd thereto arrdtransmrssion Ifnc 553 has 
15 s^fl lectrical length which provides u phase shift of 0i 
to an input signal coupled thereto. Such pair of 
transmission lines S54u f 553 as shown in FIG. 9a and 
described in more detail hereinafter provides one path 
having an unique- phase sh Eft increment Eauh 
20 second end of transmission line section b64a, 553 is 
coupledtoa corresponding input purl 665, 567 of a 
ConvcntionaJ three port coupler, which couples power 
from two input ports and provides the coupled power 
to an output pon\ via branch arms 564. 566. Such a 
25 coupler is described in an article entitled "GaAs 
Monolithic La ng© and WilJd nson Couplers" by 
Raymond C. Waterman Jr. etal, lEEETransacncnsnn 
Electron Devices. Vof. EI>*28, No. 2, February 7981 . 
Tire output of tha three port cou pier is el eel ricall V 
30 on n nected to a n output po rt 570. Ca pacrto rs 51 8, 526, 
544, 5&Za, 562b, b2?a aitd 527b one here formed in a 
si/nihjr manner, as explained for capacitor 526. 

Inoparatron, an input signai fed to transmission tine 
51 2 is cou pled to each gate elect rode 632a, 532b. Such 
35 sfynai is coupled to on e of the d rain electrodes 526a, 
536b selectively in accordance with the control signals 
fed on tines 29^ 2Sl 3 a to tha control gate electrodes 
534-3 . 534i>. 1 r the in p ut si g nal In r cspo nse to such 
control signals on JJncs 2B\^ 29f2a is coupled to drain 
40 electrode 536a. the phase of such signal is shifted by 
an amount 0j + A0« through transmission line 554a. 

Conversely. the electrical path from drain efccirodc 
536b to the cou pier b5D provides a pa th length 
correspond! ng lo a phaso shift of Th us. Is in 
45 res po nse tti th o control sig nals on Tines 29^ 29i 2 » the 
input signal is coup fed to drain electrode 538b, the 
phase of such sig nal at the output 570 fs shifted by an 
amount of -Th through transmission lineSS3_ThLiH, a 
. phase shift of an input signal nttfii or0 T + A0 a at the 
50 output of ^'70 is selected in response to control signals 
on lines 231^ 291^ A piuraJ cry of such stages are 
cascade I'nier connected to form the phase shifter 40 
(Fig. 5). Each stage has two paths which correspond to 
phase shifts of an input signai of &i th rough one path 
5fi an amounts + A^ through the second path when?! 
is the num bcr of the stage. For, foi/r cascade 
imerconnectedstages, Ihe phase shift A0 T for each 
stage is here A0* ~ 18CT, A0 h = 90", A0 C = 45 a and 
A0,j - 22.5*. 

60 Referring agafn to FIG- 5, wilh iiko pans in each 
stage being deeignatc-e by the same numeral, the 
active iion/ouiprocai phase shifter 4U used to prod one. 
un output signal at port 570d having a predetermined 
phase shift relative to an input signal on transmission 

6i> line 512 Tnciudes four cascade interconnected phase 



shirtin stapes 40a 40d. as shown, bach phase shifter 
stage 40a -40d realized maccoTda.ncewitri figs. 6-8. 
selectively provides a unique phase shift to an input 
signal of AtS„. 180*, A-.*^ • 530% A0c^45 0 and A£ d ^ 
70 22.5% respect ivery. Each phase shift stage includes a 
unique length of transmission line between output 
matching circuit b4Sa and the tiuee port cou pier 560. 
FbkU length of transmission line, in conjunction with 
Ihe length of transmission Jine 553, provides each 
75 stage wi th a u niqu e path length difference co rrespo nd- 
ing lo Ihe unique phase shift. In response to control 
signals on lines 2Q\ 2xt -2^^ and Z&i^-^a^selctive 
combinations of phase shift increments of 0" or 180", 
0* or 30°, 0° or 45" a nd 0" or 22.5" arc provided by phase 
60 shifter stages 40a-40d. respectively of control skj rials 
feci by tines 29i i3 to 29^ and ZSr^ to 2T Sjj a re 
represented by AtoO and "A to 0 , respeutivelv.The 
phase shift of an input sign hI Ihraugh phase shifter 
40 may be represented by the following logical 
05 equation as: tf- [{A<0-, ? A0.,) + A_ (3(0, + 

A0sJ + ^ <0,l) + tC}^ + A0J + C (2^)) * {D(0i + 
A<&ii+ ^> <0!>|. The phase shifter 40, thus, is used to 
vary the phase of a signal fed to tra nsm issio n 1 rne 5 1 2 
of stage 40a from 0 to 360° in here 2££ A phase shirt 
90 increments. 

Referring now to FIGS- 9A-9D transmission line 
sections 553 and 5S4a-554ri used to provide unique 
incremental phoseshifls tor stages 40c^0d respec- 
tively, of the phase shifter 40b shown in FTC , 5, have 
96 I ike parts being designated by the same numeral. The 
transmission lines 553 and 554a-554d«reociupled to 
the input ports 555, bts/ of the three port coupler 550, 
ha vf ng a thin ft m load resistor 562 and branch arms 
564, 566, and to a -porta n of the impedance matching 
1 00 networks fe45a-645b, as shown. The transmission 
lines 554a-554d a re formee o n the semi-i nsuUHing 
su bsl ram 41 by strip conductors 555a-555d and 557 , 
respectively, and the ground plane 43 4 which is 
separated bys dielectric, here the sem ^insulating 
105 substrate 47. Strip conductors 65 5a-555d and 557 are 
designed to provide the corresponding transmission 
fines 554e-554d and b£3 cuch with a 50 ohm character- 
istic j nipedpnuH. The transmission lines b&4a-554d 
each have an electrical Length equa I to a correspond- 
110 ing precise fractional wavelength A^' 1 , with respect to 
transmission Jine section 553, where Kc is the 
wavelength of the nominal ortsenterband operating 
frequency ff ^) forth e active phase shifter n is the total 
n umber of stages- TErus, transmission line section 
115 5Ma has a pathlangth {A0 3 ) equal to A./2 with respect 
10 transmission Eine section 553. In a similar manner, 
the nathtenpths for segments &54|j-5">CdwU)i respect 
to transm FssTon line 553 are \e/8, and A^l 6. Thus, 
the transmission lines 564a-554d, with respect to 
120 transmission linesecainn b5a here represent pam- 
length df (Terences corresponding to a phase shift of an 
applied signal with respect to the phase of such signal 
of 1 80", 90 c / 4B" and 22.5", respectf vefy. 

Rcferring now to FIG. 10, a dual channel phase 
1 25 sh ilte r 44 having channels 47 a nd 40 wh ich is suitable 
Tot u«cin the transceiver 12f" shown in FIG. 4 includes 
tour one bit phase shif r«r stages (P^. Stages) 44 a- 44 d 
cascade intemnnnected Usgerhcr. as shown. The dual 
channel phase shifter slages44a -14d are here identic- 
130 at except for the pa I h length differences 1 phase shift 
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increment} CA0i) farming the phase shift networks of 
each stage. Each channel of the duel channef phase 
shifter provides one of two signal paths, snch path 
being selected in response to control stcjnais Fed on 
5 lines 29i 23 -29i 7n and 79^-23^. Such paths provide 
eith er a phase shift of &3i or a phase shift of 0, -r- 
where f is The nu mberof the stage. The phase shift 
Tncreme nt ( A0 r J for eaets o r th e fou rstag es 44a-44d 
shown FnFTG. 10 arc a «1«T,A0* . 90*,30 c , A<# c = 45° 
TO and A0 U t 22 .5* for stages d4 a^44d r respectively as 
explained In con juncrjo n with Fjqs. 9a-3d. 

Refer ri rig naw to RG. 1 1 . an exemplary one of such 
phase shifter stages, here phase snifter stage 4 4a is 
shown. The phase shifts rstag e 44a rnci udes FET's 
15 530a- 53 Od each having a jrarr nf gale eiectr odes 
532a-53?d, and 534a -5344, a dftiTn etectrode 536a- 
5366, Ami a common source electrode 538. FFTs 
530a -5 20d are here reel ized as a double pule double 
throw FET switch 530 of e type disclosed tn U.S. Patent 
20 No. 4,313. 1 26 filed May 21, 1379, and assigned to the 
assignee of this invention. Each of the Ft Ts 530a-530d 
a re here connected In a go mmon (g rounded) sou rce 
configuration, ss sh own. Each FET 530a-53Od is 
form ed o/i the substrate 41 within dose proximity to the 
25 other FET's 530a- 53 0d. es shown. FETs53Oa-530d are 
fabricated such thatgainsand phases provided to an 
input signal are subsequently equal P as explained m 
conjunction with Figs. 6-7. 

Thefirst phasH shilW channel 47 includes a 
30 microwa vetransmisslon line 512, here coupled to the 
transceiver 12i" {FTg_4), via transmission tine 32a 
providing a signal input for Hie phase shifter stage 
44a .The microwave trans m isslon line 51 2 is eiectrical- 
Jv connected to an impedance match/ og camuit ST3S 
35 previously described in conjunction with RGS_ 6*8. 
Matching or rcuit 5 1 3 ts efectrice I ry connected to the 
com men input fu nction 532. In put junctf on 532 is 
counted to input gate electrodes 632a. 532b of FETs 
S30a, 530b, respectively. Signals fed on lines 
40 291^ from the radarsy storm 71 iTtg. 1 J a re fed to the 
second gate eJectrodes 534a, 534b for controlling the 
conduction of an input sfg rai on input gate electrodes 
532a r 532b to the corresponding drain electrodes 
53fia p 536b of FET 530a r 530b, respective^ High 
45 frequency silnal amipenerrts on control signals fed on 
lines 2&2X, 29!^ are shorted to ground by capacitors 
527a, 527b. An input segno! fed equally to input gaze 
electrodes 532a, 532b Is scdectivciy coupled, to the 
corresponding drain electrode 536a. 536b, in accord- 
50 ancewitfi the control signals on lines 2912,, 29i2, fed to 
the control gate electrodes 534a, 534b, The drain 
electrode 53Ga Ts electrically connected to an impe- 
dance match ing network 545a as described } n con- 
junction with FIGS. 5-7. The drain erectrode 536b is 
55 similarly, e* ectricaiJy connected to the impedance 
matching network 545h, as shown. The impedance 
matching network 545a Ts coupled to here, the 
microwave transmission linn S54a, fn a similar man- 
ner, the impedance match Ing ruuwnrk b45b is coupled 
60 to the microwave transmission line 553a. Each second 
end of transmission lines 553a and 554a is coupJed to 
the pair of input ports 565, 567 of the conventional 
three port cou p{er 560. 
The second channel 49 of digital phase shifter static 
65 44a includes microwave transmission line 51 T cou- 



pled to transceiver 1 2 f" {FIG, 4) via transmission line 
32g (Fig. 2} fcr providing the signal in put for channel 
49. The microwave transmission line 512' is efectrica I- 
ly connected to an impedance matching circuit 513* es 
70 previously disclosed in conjunction with FIGS. b-7. A 
second matching arcu it 5T 3' Ts electrically connected 
to a common junction 532'. Commo n ] u n ction 532* is 
eledricaNy connected to input gate electrodes 532c, 
532d of FETs 530c, 530d. Control gates 534c. 534 d of 
75 FET 530c, 53 f>d are electri ca lh/ connected to gate 

eiectrodc pads 524 end n?<ipectjvely,The controF 
gates 534c. 534d are fed signals tin lines 23iz* 
from the radar system 1 1 {Fig. 1 ) for controlling 
conduction of an inputsigna] on Input gate etectrode s 
80 532c, 532 d to the drain electrodes 536c 536dof FET's 
530a, 530b, respectively. Drain electrodes 535c 536d 
arccrcctricatiy ennnectedto impedance matching 
networks 545c-545d as disclosed in conjunction with 
RGS. 6-8. Tra nsmlssion lines 553* and 554a', a re 
85 coi'pf ed between the cm pe dance matching natwo rks 
545o-545d and the three port coupler5G0 r . The three 
port ecu pier 560' is electrically connected to output 
port 570'. 

The total path length difference of the connection of 
90 drain el ectrode 536a to the th ree port cou pier SS0, for 
channel 47 is then selected to provide a corresponding 
phase shift equal to 55-, + as explained Tn 
conjunction with FIGS. 9a-9d. The total pathlength 
diflermice of the connection of drain elcctrodo 536b to 
35 the three port cou pier for channel 47 b selected to 

provide a corresponding phase shift equal to 2V Thus, 
the phase of a signal applied to Ihe gate electrodes 
532a, 532b is shifted by an amount 55 , ^A0 d or0 3 
seiectiveryin accordance wtth control signals fed to 
1 00 control gate electrodes 534a, 534b. In the same 

manner, transmission Tines 553'. 554a f provide path- 
lengths to channel 43 between drains 536c. 53€dof 0, 

Referring again to Fig. 10, the dual channel phase 
105 shrtter 44 having channels 47 and 49 has stages 

44a-44d, each stage providing a unique phase shift to 
an applied signal. Each channel provides selective 
oombi nations of phase shift rncrernerrts A0„ = 18tT, 
= 90", A0 e 45% and A0 d « 22.5" in response to 
110 control sig nets on Unas 29 2 a'29iafr 29 1 a a -29ij rt . 

Referring now to HQ. 12, the phase shifter stage 44a 
is shown, fo rmed on a sent Knsu fating substrata 41 
having ag round piane 43 on one side thereof, as 
shown, A low inductance ground connection 537 is 
115 here made through the source electrode region 538. 
Parairel plate capacitors such as 526 a re formed on the 
substrate 41, as previousty described in conjunction 
with FIG. 63. Crossing signat paths arc insulated one 
from another by conventional air gap plated overlays 
1 20 as described in conju nctf a n with FH3. 6A. 

Referring arso to FIG. 5, me net overa II gai n for each 
fou r bit phase shifter 40 and 44' is approximately 8 
decibels (db) or approxtmatciy 2db per stage. Each 
stage contributes 3 db of loss from splitting of the 
125 input signai and another 3 db of loss due to power 
Josses due to parasitic losses and the matching 
networks ure less than 1 db. Allowing for substantial 
mismatch, a gain of approximately 8 db generally Is 
realisable from a dual gate FET, operating at X-cand, 
1 30 for exa mple. Th us« a net g Bin of ap p roximatety 2 db 
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per stage or approximately 8 db for the phase sifters »f 
HUG - 9 and TIC 12 rsrea&ed. Since only four FETs, 
one per stage, at any giv«n time are operating for each 
phase shifter, 40, 44 th«eLc. power const* mptfon will 

S be four times that for one FET. 

Wow refenri ng to FIG- 1 3, an attemati ve em bod im enl 
for a tour bit riigi miry corrtrcHed phase shifuenW 
suitable for use in transceivers 1?i and 12s* (Fig. 2 and 
Fig. 3Mncludesa first xLayo4Qs r having a single pole 

1 0 tour throw <SP4TJ FET s wftcti 1 330 end a second stage 
40b' having en SP4T FET switch 1370, as shown. Thta 
SPOT FbT switches 1330 and 1370 are here of a typa 
disclosed in the above mentioned U.S. Patent No. 
4.31 3,1 2R Each stage 40aV 40b' is formed on a 

15 substrate (not shown), having aground plan»{not 
shown}. 

The first stage 40a' of the four bit digital phase 
shifter 40' further Tndudes F£Ts l33Ga-1330d,as 
shown. FCT's 133ua-1330d ere fabricated such thai 

20 flair© and phases provided to » n i n put signal a re 
substantially equal, as explained in co nju notion wi th 
Fig. 6-7- Each FET 1 330a-1 33Qd. includes a input gate 
1332a- 1 332rL a confro I gate 1334a- 1 334d, drain elec- 
trodes 1336a-733Sd and a source region 1338. FET s 

25 1330a-1330d ere here conncctEd in a co mtnon 

{grounded) sou rce cent iguration. A Jow inducts nee 
ground connection is here made from !he source 
cl cctrode 1 338 to the ground plane 43 1 not shown) by a 
conventional via bole connection. 

30 A microwave transmission line 512, here hairing an 
impedance of SO ohms is coupled to an impedance 
matohiiig circuit 51 3, as previously explained in 
oo n j u notion with PCS- 4-6. The impede nc9 match ing 
circuit "scouplcdto in r*jt gate electrodes 1332a- 

35 1 332d. The rfra ins 1 336a-l 336d are electrical ly con- 
nected In identical impedance matching networks 
54ba-5d5d of a type previpsisfy described En conjunc- 
tion with FIG. 8. Impedance matching networks 
545a-545d are each cou pfed to e transmission li ne 

40 1320 having a characteristic impecarir» here 50 
orims. Transmission line 1 320 5s termi atce atone end 
in a resistor 1322, here having t value equal to 50 
ohms, the characteristic impedance of the transmis - 
si on line 1320. The resistor 1322 is ecu pfed in shunt 

40 between the transmission line 1320 and ground. Dram 
electrode 133Cd is electrically connected to the end of 
transmission line 1320 through the impedance match- 
ing network 54 5d. Drain 1 336c at FET 1 330c is 
electrically connected to transmission line 1320, 

50 through the matching network 54Sc defining a section 
of transmission line l326,drain electrode 1336b of FET 
1330b Is electrics Hy connected to transmission line 
1220 through the matching network 545b defining a 
section ot transmission line 1324, and drain electrode 

55 133BaofFETl3Mois^ectrrcallyconnectcdtD 
transmission line 1320, through the matching network 
546a, defining n section of transmission line 1322. 
Here, air the transmission line setitions 1322-1326 
have the same electrical length and thus each section 

60 shifts lh« phase of an appli«d sig nal by an equal 
amount. The total phase shin of an output signal with 
respect to the phase of the input signal fed through 
transmission line 51 2 is the sum of the phase shifts 
provided by each of ttieequaJ electrical length 

56 transmission line sections 1322. 1324 and 1326of 



which the output signal passes through from a 
selected one of the drain electrodes I336a-1336dtrj 
the output port 1331. 
In o peraticn, an input signal i a coupled o r decou- 
70 pied betwee n I he g ate electrodes 1 332a 1 332d and the 
corresponding drain electrode 1336a 1338d selective- 
ly in acconia noe with contro I sig nals fed to control 
gateelectrcdGS 1334a-1334d on 1lncs29i 2lf -i9i 3ia pro- 
vided by suitable modification of the radar system 11 
75 (Fig. 1 ). Signals on control tfnefi 2Si 2a -29i 2cl are hero 
logical control signals- One of such signals en lines 
291^-23^ Is selected to be in an "on" state, whi I e the 
remaining ones of such signals on lines 29i 2a -29i 2d a re 
pisced in an "off' state, thus placing only on FET of the 
80 FETs 1330a-133Qd, En a conductive state and ttie 
remaini ng ones of such FETs 1 330a- 1 330d, j n a 
non-conductive state. Similarly the output signal from 
the first stage is coupled or decoupled between the 
gate electrodes 1372a-l 372d and the correepondi ng 
85 drain electrode I376a-1376d selectively in response lo 
control segnaisfecf to rontrol gate eJectrodos 1374a- 
1374d, via lines 29f* r 29i 2 h, as shown. 

In response to a control signal fed to one of the 
control gate eieclrodcs 1334a-1334d the correspond- 
90 ing one of the FET's 133Qa-l33Qd is placed in a 
conducting stale, coupling the input signal on the 
input gate electrode of suoh FET, to the corresponding 
dram electrode of such J=ET. Tnc remaining FET'sof 
the FETs 133©a-l330d are hcid in a nonconducting 
35 state by controf signals fed to remaining ones of the 
control gates l334o-1334d.TriUS, a signal coupled to 
the transrnissio n Yi n a 1 320 fro m drain electrode 1 336a 
will have a net phase shift of 3A0 with respect ta 
phase of an input signal «n dra i n electrode 1 336a, 

1 00 because the sig nal coupled from drain electrode 

1336a wilt pass through the three phase shift sections 
1322, 1324 and 1326 of transmission Vine 1320 before 
arriving attheoulputport 1330- in a like manner, a 
signal applied from the drain electrode 1336b to 

ICS transmission line 1320 will have a net phase shift of 
2A0, a signal applied from drain electrode 1331c to 
transmission line 132D will have an Incremental phase 
shift of AO, and a signal applied from drain electrode 
1336rf to transmission Line 1320willhavean in- 

1 10 cremental phase shift of 0*wflh respect the signal on 
drain electrode 1336d. Thus by selective application of 
control signals fed to control gates I334a-1334dan i 
irernenral phase shift of 3A0.2A0, A0. or 0° may be 
obtained. By selecting Ihc electrical length of each 

1 15 incremental phase shift fWA0) of the first stage equal 
to be 22.5°, a tola* phase shift of up to 67.5° is provided 
hy thefirst stage- The phase shift provided by the 
matching net work 545a-&45di$ the sameforeaeh 
drain electrode matching ciriuitandthusdoes not 

1 20 affect the differential phase eh ift produced. 

Th e output ot the first stage 40a* is elect rieaJ ly 
connected lothe Snout of the second stage 40b', as 
shown. Thescconrl stag 6401^ of the four bit digital 
phase 40' is identical to thefirst stage 40a' except for 

125 the electricaJ length of the transmission line 1320'. In « 
like manner, as discussed forth a first stage 40a \ the 
.second stage or the tour bit digital phase shifter 40' 
has drain electrodes, here 1376a-1376d clectricaMy 
connected to a portion of a transmits ion line 1 320'. 

1 30 The incremen tal phase shift of iransmissio n 1 1 ne 1 320' 
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is hare set to 90*. Thus, a total phase shift of 270* at the 
output T 331' is obtain able in the second stage 40b - . 
This in combination with the first stage 40a' having a 
total arable phase shift 0+57,5* provides thefourbrt 
5 digital phase shifter 40', having a capability of 
providing a 360* phase shift, in 22^ increments. 

Now referring lo FIG- 14, a digitally controlled phase 
shifter section 50 suitable for use in 1Hh transceiver 1 2i 
(Fig. 2) r by replacing T/R switches 1 8b, 18d and phase 
1 & shifter £0, an d for tra nsceiver 1 2i" {Hg. 4) by replacing 
ph ase sf lif rer 44, incl udes the single cha n nel ph ase 
shifter 40 r of HG- 73. and Ft I 's 1410a-1410d. Each PET 
1 4 1 0a-101 4d has a signal gate electrode 1412a-1412d, 
a control gate eiectrodc 14Ma-1414d, drain aiectrudes 

15 I4i6a-T416d. and source electrodes 1418a 1418d.es 
shown, FETs 1410a 141 Od are connected In a cthmo 
( g run n deii) so u nee co nfig u ration. The sig n ai gats 
electrodes 14i2a, 1412b of FbTs 141 Oa, 7410b are 
hero cou pied to I ha transmission ! Fries 37a and 32gof 

20 the tra nsceiver 121 (FIG. 2t respectively, through a pair 
of impedance matching circuits 51 3, as described in 
conjunction with FJG. 5. Each drain cJcctroda 1416a, 
141Gb iscoupled-tothe phase shifter 40' vis transmis- 
sion line 14?0. The output of the phase shifter 40 J is 

25 coupled to the input gate electrodes i412c, 141 2d of 
FETs 1A10c, 141 Od, respHi:IivHry r via transmission I'nm 
1422 and impedance matching circuit 5 13. The drain 
electrodes 141 6c, 141 6d are coupled to transmission 
lines 32h a d 32d. respectivDly,ofth e transceiver 12T 

30 {FIG- 2}. In operation, one of a pair of input signal a fed 
to rhe signal gale electrodes 1412a, 741 2b of input 
channels 1430, 1432 3s selectively coupled to the 
corresponding drain Rlectmdas 141 Ba, 141 6b In re- 
sponse to signa f s fed to control g ate electrodes 1 41 4a. 

35 1 414b on I rnes 29i n r 295-, . Su ch selectively coupled 
sig nar is fed to the phase shifts rAO'snd the p h ase of 
such si gna r is sh rfted i n response to control sig nals 
ZSija-ZSizi, as pre viuosfy described. One of the pair of 
output channels 7434, 1436 is selected, by signals on 

40 lines?di 1 .^iifKdJ»c2irilrolgatej5l414c, 1414d.The 
phase shifted signal, is coupled to the input gate' 
electrodes 1412c, 1412d of FETs 1410c f 1410d.The 
phase shifted signal fed to each ofthe input gate 
electrodes 141 2c, 141 2d is coupled to one ofthe drain 

45 electrodes 141 6c. 14T8d selectively in response to 
controf signals on lines 29?i,29ii Fed to control gates 
1414c, 141 4d, respectively, as previously explained. 
The signal on the selected one of the drain electrodes 
1416c, 141 fid is cou pfed to transmission lines 32h 

50 du ring 1h o receive made or 32d ofthe tre nsceiver 1 2 i 
( FIG. 2 > du ring the t ransm it mode, 

Assuming one milliwatt of power consumption per 
FET, the power consumption of ihe phase shifter 50 is 
four rnilliwattssrncH Tour k= i *s z»r» conducting at the 

5b same t irne. Two FETs of the fou r reciprocating 
switches conduct and c ne FET in each of stages 40a' 
and 40b' [FIG. 13} conducts, during operation of the 
phase shifter. The net overall gain for the phase shifter 
section 50 is approximately 4 do. This assumes a fi db 

60 loss due to input signal division into the fuur channels. 
FETs 1 330a-l 33fli J at phase s him* r stage 40a' (FIG. 13) 
and 6 db of losr.du« to in pur signal division for stage 
40b' (FIG. 73). In addition, there is a loss of 3 db in each 
stage (4 Da', 40b') attributable to the tcrrra noting 

65 resistors 1 322 fo r trans m ission lines 1 320 a nd 1 320* 



(Fig. 1 3) . and there is a loss of 1 d b per stage due to 
parasrtics and the matching circuits. These losses a re 
partially compensated for by a minimum of 8 db gain 
far each FCTrcsuJting in a net loss of at most 2 db per 
70 stage. Moreover, the FE I switches 1 41 Oa-141 Od con- 
tribute 1 6 if h of gain (,3 d b per switch, two switches 
active at one time). This gain is reduced, however, by 3 
db due lo signal division into the two channels of FETs 
141 0a, 141ud and 1 db due to para si lies and the 
75 matching circuits. Thus, the net gain J or the phase 
shifter 50 is approximately 4 db. 

Referring now to FIG- 15. an alternative embodi- 
ment at an phase shifter 40" suitable for use in 
transceiver 1 Zi (Hg, 2) and I2f {Hg. 3), includes a first 
80 phase shifter stage 40a", a second phase shifter stage 
40b", and a third phase shifter stage 40c" cascade 
Interconnected, as shown. Each phase shifter stage 
40b 40b' r and 40c" 3s simil ar to the diglta i ly 
controlled phase shifter stage 40a described in 
6b en njunclTu n with PGS- 6-8. Phase sh Ffter stage 40a" is 
here uxad, hnwever, Lp providH a variable continuous 
phase shift between C° and 90°. Phase shifting stage 
40b' is used to produce a phase sh itt of 0 = 0* or a 
phase shift of 2> = SO", and ph ase shifter stage 40c" is 
90 used to produced phase shi Ft of ^ O°or0**iaO'. 
The cascade interconnection of phase shifter stages 
40a", 40b" and 40c" provides the phase shrfter 40" 
wh f ch is capable of vary! ng the phase of an input 
signal continuously over the range of G*to 360", 
95 Referring also to fig. 16- Fig. 77. an exemplary one 
of the stages 40a" r -40c" here 40a" is formed on the 
substrate41 having a ground plane 43. The phase 
shifter stage 40a" is coupled to transmission line 32b 
of the transceiver 12i (FIG. 2). The phase shifter stage 
100 40a" includes b transmission line 51 2 coupled be- 
tween t he i n put m Hlisrri ng net wo rfc 51 3 as expl ained In 
conjunction with FIG, 5 and the transmission line 32b 
of transceiver 1 2i I FIG. 2). The matching netwo rfc 513 Is 
cou pi ed to In put gate electrodes 532a. 532b of a pair of 
105 FETs 530a-530b, as shown. FET r s530a-530b further 
include controf gate electrodes 534a-534b, source 
electrodes 538a-538b, and drain electrodes 536a- 
536b. FFT3530a^530h are fabricated, such that gains 
and phases p rovided to 8 n input sign al fed te the input 
110 gate electrodes 532a. 532b a re su bstanfj ally cquaJ at 
the drain eject nodes 536a, 536b, as explained in 
conjunction with FIG. 6. F£Ts 530 a -53 0b are here 
connected in a common (grounded) source configura- 
tion, as shown. The control gate electrodes 53a-534b 
175 are Fed voltage (hvgI control signs Eson control lines 
291^, 29£- itJr The radar system (Hg>2} provides the 
control signals on lines 2Si 3ls , 291^ (not shown in Frg. 
2). The levels of such signals on the control trnes29ig*, 
29iab a re used tooo ntro I the operating poi nt o f each 
120 FET and hence the amplitude or sig nets coupled to the 
d min electrodes 536a r 536b. The d ra i n electrodes 
536a, 536b are electrically connected to capacitor 544 
and Impedance matching networks 545a, 545b as 
described in conjunction with FIGS. 6-8. In the 
125 preferred embodiment ofthe invention, the impe- 
dance marching networks b'4ba, b4&h are electrically 
conn ected to a convertti ona I lour port o r quad rature 
rtuplerl5UD. Such a coupler is described in an eriinle 
entitled "GaAs Monolithic La ng« and Wifklnson Cou- 
730 piers" by Raymond C. Waterman. Jr. at al. IEEE 
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Transactions on Electro n IJevices, Vol ED-2S r No. 2, 
February 7381 .A quadrature coupler fs here used to 
cou pie input si g n ais on each i n put of t h e cot iple r, ' n 
quatrature, to theouipu L fn other words, the phase of 
5 the i npvl s itj/ja r frr?m drain el aetmdH 536b Aft coupled 
to the uutpi/t 1570 of the couolur will lau the phase of 
the input signal from drain electrode 536a as coup fed 
to the output 1 570 ofthe coupler by 90". 

Thus, unlike prior embodiments of the invention 
10 wh ere signals fed to the centre I gate electrodes 

534a-534b are complements ry pairs of controJ signs is. 
such signals provided to place an FET fn an off-state or 
an on-state, the signals Tad on lines P^^jtBt^ to the 
rj. jnir-ul gale el eclr odes 534a, 534b r here arftselectaW.e 
1 5 vol tage levels between pinchoff and ^ero volts "at i" 
levels of such FET. 

Art output vol ta go siy nal when measured a tin e 
drain electrode, of an Input signal V r fed to the input 
gate electrode is given as: Vj = A^e^, is V 0 = 
20 BA c e' f,ur * *). for embed i ments d fadosed in conju nction 
with FIGS. 5-14 where B is t h e gai n and i|p is tfi e ph ase 
pravicied lo the input signer by the FET. However, if the 
central signals on tines29i^ 29)-^ fed to tho control 
gates 534a-534b provide voltage level signals which 
25 change the operating point ofthe FET between the off 
state and the on state, the FETs 530a, 530b no lo nger 
f unction as switches, and, instead the FETs 530a, 530b 
i unction as variable gain amplifiers. When the output 
voltage V.,*) wq£u 2 A 1 of the FET 530a h> a fund run a/ 
30 ihe con t ruf yai e voiiage Fed to co mrol yolc 534a. 
the portion of the output voltage at the output of 
the courtier 1 560 from the voltage V n w Is o, iven as : V 0 
= fi A A 0 e J4<Bt ! « M ^ n, ,whereB A fe1hegafn of FET 530a as 
a 1 u nction ofthe control gate voJtag e. A0 n is the ph ase 
35 shift corresponding to the pathlengtb between the 
drain electrode- of the rV b FET and the output of the 
cou prer T 560. The output voltagoof FET 530a and FET 
530b may be represented as : 

Vo ,Ai ; V 0 "" where 
Vj*> = B^Ao&^^i Vj* - B^^e***** 
Since the quadrature coupler ibtfO corn bines the ^ 
two /n put signals V^** and V D tB1 in quadrature, the 
output voltage at the co upler 1 560 may be represented 



merit of «/1 6, the values of B T arid B7 which will yia3d all 
eight phase shift mere mem s between 0 and with 
substantively constant amp lilurie B' are given in the 
Tabie heJow. 
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VoT = V 0 W - jv e (B) or 
V uT = BaA*^"**^ 1 + BsA^ 6 ***"""* or 
V or Ane» ( ^-» * +A *A' [B,, t Bpe^J 
which maybe simplified to: 

where 8' = {E A * + B B 7 |V£> and tan 9 = Bo/B A .Thus p 
the phase of an input signal V s (Fig. 15) is shifted in 
accordance with the ratio of the amplitudes V D CBJ 
ot such input signs I as coupled to each drain electrode 
536a r 536 b co u p led in quadratu re to provide the signa I 
Vrtlttfl, T 5} at the output of rfie quadrature coupler 
1500, 

Thus by selecting the relative values of and B 7 
any phase between 0 and n/2 may be realized. Since 
only the ratio of B 1 and 0 2 determines the phase, iris 

60 possrbfeto keep B* and hence the overall flain otthe 
stage 40a" substantial ly constant. 1 his is accom- 
plished by separately a djusti ng the values of B- t a nd 
B?. This pjovfdcs an additional flexibility of amplitude ' 
control atong wrth phase eHjustment, 

65 As an example, for a minimum phase shift incre- 
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SO The mi m mof phase ehift Increment provided by the 
varia ble phase s hlft stag r 40a" i& limited only by the 
degree of control ofthe voltage applied to the control 
gate electrodes 534a- 534b of FET 530a-530b of phase 
shifter stage 40a", 
85 Phase shi Ft stage 40a' r is cascade interconnected to 
phase sh>ft stage 40b** as shown. The phase shift stage 
40b" is Identical to phase shift stagu 40.3". The only 
difference between tho stages 40a" and 40b", fs the 
technique for producing the phase shift. A phase shift 
30 of if <j r 3U° provided by phase shifter stage 40 b" is 
determined by controlling which FET530a-530b is 
biased in the an state, as previously described fn 
conjunction wrth Frgs. 6-8. 

Phase shift 40c" sfage rs similar to phase sfifFi slage 
05 40a rr except for the incJusion of an sddltronol 90" of 
pathJength difference such as transmission line sec- 
tion 554b (Fig. 9b] coupled between tho impedance 
matching network 546a and the coupler 1560. 

Rtifarring now to FIGS- 18-19, bidirectional switch 
IQO 18a having a first branch pert Ida counted to 

tra nsm ission line 22a \ Fig. 2J, a second b r 01 ich port 
21 a r coupled to transm issit line 32h (Rfl- 2L and a 
common port 20a coupled to transmission lihe33i, 
{fig. 2), is shown. The didirectfon al switch 1 8a is 
105 formed on the substrate 41. having the ground plane 
43 formed on the bottom surface of su bsf rate 41 , as 
shown. FETs 50a-50bere ferrnedona portion ofthe 
substrate 4 1 . In tho preterred embodiment, FET's 50a, 
50b include a plurality of FET ceils, each cell having a 
1 1 0 reactive component (C~ ) coupled between the drain | 
and so urce ef ectrode of each celt as shown i n Fig. 20. A 
network, here ! he FET 50a Ik formed interconnecting 
each one of such drain electrodes of each FET cell. 
Such network is formed having a characteristic 
115 impedance equal to the cha racterlisuc impede nee of 
the transmission Tine sections 5&a, 5Sb. here 50 ohms. 
The network is formed as follows: a length (d)of a 
mfcrostrip conductor 59 having a distributed induct- 
ance per unit length tit )anda distnbuted capacitance 
1 20 per uni t length (CJ is ch osen such that when coupled 
between the ceJIs of hActi fFTit will provide^imh 
network with the pmdc*tcirrriinHd{:harac4t?n$rk"?nne^ 
dance g iven as: 1^ = <L L {C U h 7. (C7d))) 1/a .The 
bitfirectfanal switch further includes a pair of trans- 
125 mission fines 58y-58b P each having a efeetriqal length 
substarifially equal to one quarter of a wavelength 
(A^/4) where Ki is the wavelength ofthe nominal 
operating frequency for the circuit. The first drain 
efectrode 54a of fET 50a ig coupled between the first 
130 branch pa rt 1 3a and to one en rt of transm issi on line 
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58a, Thetransmisston line 68a rs coupled between the 
bra nch port 1 9a and th a Co mmon port 20a . A d rai n 
eJecttcde 54b of a second PET 50b is cnupteH to the 
second branch port 2 fa, and one end of ihe tra-nsmts- 
5 sion line 58b. The oth e r en d of transmission J in e hSb is 
coupled to the common port 20a. The sources 56a-5Gb 
of FET50a-50h are electrics I fy con nected to g rou d. 
The gate electrodes 52a-52u of Ft I '&50a-50b are 
ef ect r icetly conn acted to centre Mines 29,- T . 29^ 1# and 
10 are fed complements rv signals on such fines. 

The T/R switch 1 8a isuscdtocoupieasigsielun 
transmission line 33? of the transceiver 12t fF"ig. 2) fed 
to the com men port 20a to one of the branch por Es 1 9a 
or 21 a in accordanca wi Lh h pa i r of compFementa r y 
1 5 control sfgnals on linos 29i i , fed to gate elec- 
trodes 52a, 52b. TheT/R switch Ifta couples an input 
signal from common port 20a to branch port 19a, as 
foHuwsr me control signal on line 29i,, Is fed to the 
gate electrode 52a of FET 50a, placing FET 50 a in a 
20 nonconducting state ; corresponding \y r the control 
signal fad on Iine29h is applied to the gate electrode 
52b of FET 50b pi acing RET 50 b in a conducting stata; 
by placing f£T50b in a conducting state, a short circuit 
<s> (low impedance path to Ground) is produced at the 
25 and 58b' of transmission I fn c 58b coupled to the drain 
electrode 54b; one quarter of s wavelength from this 
point {at the' second end oftransmission Tine 58bJ the 
short circuit at the fin>l end appears as an open circuit 
<§) {high impedance) to a microwave frequency signal 
30 having a wavelength substantially similar to the 

wavelength of the corresponding cenlerfcand Frequen- 
cy of operation fbrthe bidirectional switch 18a. The 
transmission line 58a and the open circuit resulting 
from FET 50a being in a nonconducting state, appears 
35 as a SO ohm tra nsmlsaion I Fn e at th e co rnmon port si de 
58a ' of the trans/nisei on line 58a. Thus, a signal on 
common port 20a is coup Fad to Lfie branch port 19a, In 
a similar manner, by changing the state of the 
^rnptemerrtary pairotcontror signers on lines 29i-,, 
40 29i T , a microwave frequency signal on common port 
2Ga may be coupled to the branch port 21 a. 

Having described preferred em*xxJImenls of Ihe 
invention, rtwill now become readily apparent to 
those of stall in the a rtthat other embodiment 
45 incorporating the Invention may be real feed. It is felt, 
therefore, that this invention should not be limited to 
tha disclosed embodiments but rather should be 
limited on ry to the scone of th« nppendpd clai ms. 
Matter described hereinbefore is described and 
50 claimed in co-pending patent application No. 8305509 
from which the present application is divided. 
CLATMS 

1- A phased array antenna for producing col li- 
fted and directed beams of transmitted and re- 
55 cefvad electromagnetic energy co mprtsing : 
an array of antenna elements; 
a plurality of transceiver elements each one of such 
elements being ecu pled to a correspond] ng one of 
such antenna elements each one of the transceiver 
GO elements comprising; 
a phase shifter; and 

a switching means far steering electromagnetic 
energy provided by a common fei»d through the phase 
shifter to the corresponding antenna element during a 
65 transmit mode and for steering electro magnetic 
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energy from the corresponding antenna elemenrto 

the common feed during a receive mode. 
2. A pha scd a ti ay accord] n g to cla im 1 f wherein 

the phase shifter of each of such transcKiVKr elements 
70 <s independently controllable to provide a selected 

phase shift to both transmitted arid received elect ro- 

magneisr energy. 
2. A p hased array accord j ng to cla i m 1 , wherein 

the switch ii ig means provides a pair of signal paths 
7S between a terminal of each one of such transceiver 

elements and the corresponding antenna eJamertts- 
4* Aph ascd array acco rdiny to daim 3. wherein 

each t ransrn itter eiern ent further comprises : a tran s- 

mitting amplifier; a receivEng amplifier; and wherein 
60 Uui transmitting amplifier is disposed in a first one of 

such sipn aJ paths and the receiving amplifier is 

disposed in a second one of sue" signal paths. 

PiaftteH in tin* Unieee Kiorftftnn for Iter Majesty s SlSbonery Otfeo. HB1SS3=>. 
LoRdrvi Wt?A 1AY, tmm <*ti*-.fi r.c*,.-*. w^/f ^)^ 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 

BEST AVAILABLE IMAGES 

Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SIDES 
□'FADED TEXT OR DRAWING 

<□ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



